Metallic Al was doped into amorphous carbon (a-C) to form a matrix of a-C(Al) of very low residual stress and high toughness at the expense of some hardness. Nanocrystallites of TiC (nc-TiC) of a few nanometers in size were embedded in this matrix to bring back the hardness. The nanocomposite coating of nc-TiC/a-C(Al) was deposited via cosputtering of graphite, Ti, and Al targets. Although the nanocomposite coating exhibited a moderately high hardness (about 20 GPa), it possessed extremely high toughness (about 55% of plasticity during indentation deformation) and low residual stress (less than 0.4 GPa), smooth (Ra = 5.5 nm), and hydrophobic surface (contact angle with water reaches 100 • ).
Introduction
Hydrogen-free amorphous carbon (a-C) coatings have been deposited via various deposition techniques such as pulsed laser, 1 mass selected ion beams, 2 filtered cathodic vacuum arc, 3 magnetron sputtering, 4 etc. Amorphous carbon (a-C) is a preferred material for optical, electronic and engineering applications. 5 For engineering applications, a-C is considered one of the best materials in terms of low friction and good wear resistance. 6, 7 The low friction comes from smooth surface (low surface roughness: R a being in the range of a few nm) and good tribochemistry, which leads to the formation of a graphite-rich layer working as a solid lubricant. 8 However, there are two major drawbacks that limit the use of a-C as wear-resistive mechanical coatings: high residual stress, 9,10 which limits the thickness of coatings and low hydrophobicity, 11 which prohibits using the a-C coatings in a very humid or aqueous environment. Doping is considered a good way to reduce the residual stress and enhance toughness and hydrophobicity of a-C coatings. 7, [12] [13] [14] Among metals, aluminum as dopant has been demonstrated best in the reduction of residual stress and increasing the hydrophobicity of a-C coatings. 15 However, hardness of the coating suffers a great deal: only about 40% of the hardness remains when 10 at.% of aluminum is doped in.
In this study, a-C is doped with Al to form a-C(Al) amorphous matrix and at the same time, TiC nanocrystallites are formed and embedded in the a-C(Al) matrix by magnetron sputtering of C, Al and Ti targets. Studies in this paper are the deposition conditions, residual stress, hardness and toughness, hydrophobicity of the nc-TiC/a-C(Al) nanocomposite coating.
Experimental Details

Coating deposition
Nanocomposite coatings in this study were deposited using E303A magnetron sputtering system (Penta Vacuum-Singapore). The a-C coatings were deposited as a control group. The base pressure was 1.33 × 10 −5 Pa and the process pressure was kept constant at 0.4 Pa. The substrate was Si(100) wafer. For the a-C coatings, a DC power density of 10.5 W/cm 2 was applied to the pure graphite target (99.999%) with bias voltages of −60 V and −150 V. The nanocomposite coatings were deposited by co-sputtering of graphite, Ti and Al (99.995% purity) targets. The power density of graphite target was kept constant at 10.5 W/cm 2 .
Power density of Ti and Al target was varied for different composition. During deposition, the substrate temperature was maintained at 150
• C and RF bias voltage at −150 V.
Coating characterization
The coating thickness was measured using a profilometer (Dektak 3 SJ) through a sharp step created by masking. The surface morphology of the coatings was characterized by atomic force microscopy (AFM) used in the contact mode (Shimadzu SPM-9500J2). The scanning area was 2 × 2 µm 2 . The wetting angle of the coating surface was determined by a FTA 200 goniometer with distilled water. Hardness was assessed at a Nanoindenter (XP) with a Berkovich diamond indenter using the continuous stiffness measurement technique. 16 To avoid possible substrate effect, the indentation depths were set not exceeding 10% of the coating thickness. Structure of the coatings was investigated using X-ray diffraction (XRD) with CuK α X-ray source at wavelength of 0.15406 nm and Raman spectroscopy (Renishaw) at 633 nm line excited with He-Ne laser. Coating composition was determined by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS spectrometer with monochromatic AlK α (1486.6 eV) X-ray radiation. The residual stress of the coatings was obtained from the change in the radius of curvature of Si substrate, measured before and after deposition by a Tencor laser profilometer. The stress value was calculated using Stoney's equation where E s /(1−ν s ) is the substrate biaxial modulus (180.5 GPa for Si(100) wafers 17 ); t s and t c are wafer and coating thickness; R 1 and R 2 are the radius of curvature of Si wafer before and after deposition, respectively.
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Results and Discussion
The coating composition (from XPS), thickness, surface roughness and residual stress are shown in Table 1 . The pure a-C coating has smoother surface compared to the nanocomposite coating. From AFM image (cf., Fig. 1 ), the small islands of graphite-rich phase were observed. 18 The a-C coating deposited at higher bias voltage showed smoother surface because the incoming C atoms have higher energy. Therefore, the diffusion (which promotes the formation of graphite-rich phase) is hindered. 19 Imbedding of TiC nanocrystallites caused an increase in surface roughness. The large clusters were seen on nc-TiC/a-C coating, which brought the roughness to as high as 7.3 nm R a ; whereas, a smoother surface of 5.5 nm R a for nc-TiC/a-C(Al) as the amorphous matrix was doped with Al. Usually, a hydrophobic (waterproofing) surface is characterized by a contact angle of above 70
• . 20 Among the coatings investigated, the pure a-C coating demonstrates hydrophilic properties while the nc-TiC/a-C(Al) is hydrophobic: the measured values of contact angle (with distilled water) were 61
• , 86
• , 89
• , and
98
• for a-C (−60 V bias), a-C (−150 V bias), nc-TiC/a-C, and nc-TiC/a-C(Al), respectively. Low hydrophobicity does not allow a-C to work in aqueous environment. The "collapse" of the hydrophilic a-C coating during tribotest in water has been investigated and is being published in our recent paper. 21 Addition of Ti did not cause much change in hydrophobicity since the contact angle of nc-TiC/a-C is just 3
• higher than that of a-C deposited at −150 V bias. However, with addition of aluminum, the contact angle reaches about 100
• . The high contact angle of nanocomposite coatings relates to the metal oxidation on the surface. 15 It decreases the polar component of the surface energy, thus resulting in a surface with high contact angle. In the nc-TiC/a-C(Al) coating, aluminum oxide is easily formed during venting and unloading from the deposition chamber because of aluminum's high chemical affinity with oxygen. However, for pure a-C coating or nc-TiC/a-C, no such surface oxidation is formed because there is no free Al available for such a reaction. 
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Figure 2 plots the XRD spectra of nc-TiC/a-C and nc-TiC/a-C(Al) nanocomposite coatings. Aside from the silicon substrate peak at 69
• 2θ, the three other directions while in nc-TiC/a-C(Al) coatings, the crystallites are randomly oriented (no obvious preferred orientation). As the a-C matrix was doped with Al, peak intensities and the widths at all the orientations are almost the same; indicating uniform grain size of TiC nanocrystallites. Ignoring the microstraining effect (which affects the XRD peak width), as a first order approximation, the average crystalline size can be estimated by the Debye-Scherrer formula 22 :
where K is a constant (K = 0.91), D is the mean crystalline dimension normal to diffracting planes, λ is the X-ray wavelength (λ = 0.15406 nm), β in radian is the peak width at half-maximum height and θ is the Bragg's angle. The calculated grain size of the TiC crystallites spreads from 6 to 16 nm in the a-C matrix but within 4 to 7 nm in the a-C(Al) matrix. Thus doping Al in the matrix had a noticeable effect in hindering the growth of TiC crystallites and greatly reducing the grain size distribution. Raman spectra of a-C, TiC/a-C and TiC/a-C(Al) coatings are shown in Fig. 3 . The broad peak was deconvoluted into two peaks termed G-peak (graphite) at 1530/cm and D-peak (disorder) at 1350/cm. These peaks are characteristic for amorphous carbon and their intensity ratio I d /I g is inversely proportional to the sp 3 fraction in the coating. respectively. This attributes to the formation of more graphite-like (sp 2 ) structure in nanocomposite coatings. The Raman spectra are the base to explain the change in hardness and residual stress of a-C when it is doped with metal(s). As seen from the Table 1 , the highest hardness of 31.6 GPa belongs to a-C deposited under high bias voltage (−150 V). The hardness of a-C dropped to 18.6 GPa when the bias voltage was decreased to −60 V. The decrease of hardness is attributed to the increase in sp 2 fraction, which is the consequence of low-energy ion bombardment when low bias voltage was applied. 19 After embedding with nc-TiC, the hardness decreased due to the increase in sp 2 fraction, which was believed to come from the formation of a graphite-rich layer encapsulating the crystallites. 24 However, the hardness of both nc-TiC/a-C and nc-TiC/a-C(Al) coatings is still higher than that of a-C (−60 V) although the I d /I g ratio is higher (higher sp 2 fraction). This is due to the existence of hard TiC crystalline phase in the nanocomposite coatings.
A moderately high hardness of about 20 GPa of nc-TiC/a-C(Al) was achieved as a result of the combination of hard nc-TiC crystalline phase and relatively soft matrix of Al-doped a-C. The existence of Al in the matrix reduces the hardness of the coating due to its effect in increasing sp 2 fraction and aluminum itself, is a soft metal. However, doping aluminum into the amorphous carbon matrix results in tremendous benefit in reduction of residual stress. The residual stress of all coatings in this study is compressive. Very high residual stress of 4.1 GPa was seen in a-C (−150 V bias) (cf., Table 1 ). Such high value of residual stress is typical for sputtered a-C deposited under high bias voltage. Addition of Ti can reduce the stress due to the increase in graphite-like (sp 2 ) fraction in the matrix (it is well known that the increase in sp 2 fraction accounts for the stress relief). However, the residual stress is still as high as 1.2 GPa, higher than that of a-C deposited under low bias voltage (−60 V) (1.1 GPa). The residual stress drops down to only 0.4 GPa when Al is doped. Al (as mentioned above) is a soft metal, which can release the stress in the deposited coating. Another reason attributed to the low residual stress is that the sp 2 fraction is higher in the Al-doped matrix than in the undoped matrix
Since a standard test for thin film and coating toughness is not available yet, the plasticity during indentation deformation has been used as estimation.
19,21,25,26
The plasticity was estimated as a ratio of the residual displacement after complete unloading to the maximum displacement in a nanoindentation profile. Figure 4 shows the load-unload curves after nanoindentation of nc-TiC/a-C(Al) coating. The plasticity thus calculated was 55% which indicates an extremely high toughness for amorphous carbon or diamond-like carbon based coatings. It should be noted that the superhard (50 GPa) nc-TiN/a-Si 3 N 4 nanocomposite coating was almost absent of plasticity 27 while nc-TiC/a-C nanocomposite coating of hardness 30 GPa had a plasticity of about 40% and was considered "super tough". 25, 26 This extremely high toughness of the nc-TiC/a-C(Al) nanocomposite coating can be attributed to the tough a-C(Al) matrix combined with the uniform and random orientation of the nc-TiC crystallites in the nanocomposite structure. As the crystallites are randomly oriented, the incoherent strain is minimized and grain boundary sliding is facilitated; that leads to the high toughness. 
Conclusion
A new nanocomposite coating of nc-TiC/a-C(Al) was deposited via magnetron sputtering to combat high residual stress and low toughness, usually associated with carbon-based sputtered coatings. As compared with the pure a-C coating or the nc-TiC/a-C coating, doping of metallic aluminum in the a-C matrix greatly reduced the residual stress of the coating through increasing of sp 2 fraction; thus inevitably reducing the hardness. Embedding of TiC nanocrystalline phase helps bring back the coating hardness to the 20 GPa level, which is adequate for most wear-protection applications. The extreme toughness of over 55% plasticity is especially attractive in applications where toughness is of higher importance. A hydrophobic surface is an advantage for the coating to work in aqueous environment. Low residual stress allows deposition of thick coatings with good adhesion strength.
